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¿	  The	  physical	  reality	  of	  the	  quantum	  wave	  function	  ?	  	   Gerd	  Leuchs	  Max	  Planck	  Institute	  for	  the	  Science	  of	  Light,	  Erlangen	  Department	  of	  Physics,	  University	  of	  Erlangen-­‐Nuremberg	  Department	  of	  Physics,	  University	  of	  Ottawa	  	  	  The	  quantum	  theory	  is	  amazingly	  successful	  and	  we	  all	  know	  how	  to	  use	  it.	  For	  a	  given	  experimental	   situation	   we	   can	   predict	   the	   outcome	   of	   the	   measurement.	   Often	   the	  prediction	   tells	   us	   the	   probability	   with	   which	   the	   detector	   will	   give	   a	   certain	   result.	  When	   dealing	   with	   a	   single	   quantum	   system	   allowing	   for	   several	   simultaneous	  measurements	   on	   sub-­‐systems,	   then	   quantum	   physics	   can	   make	   precise	   predictions	  about	  correlations	  of	  the	  measured	  data	  if	  the	  system	  is	  in	  an	  entangled	  quantum	  state.	  David	  Mermin	  described	  the	  situation	  as	  follows:	  "The	  only	  proper	  subjects	  of	  physics	  are	  
correlations	   among	   different	   parts	   of	   the	   physical	   world.	   Correlations	   are	   fundamental,	  
irreducible,	   and	   objective.	   They	   constitute	   the	   full	   content	   of	   physical	   reality"	   	   [1].	   The	  numerous	  discussions	  on	  the	  topic	  are	  well	  reflected	  in	  his	  American	  Journal	  of	  Physics	  article	   [2,	   see	   also	   3].	   One	   particular	   question	   is	   what	   happens	   in	   the	   process	   of	  measuring	   a	   quantum	   system,	   when	   quantum	   state	   reduction	   takes	   place.	   In	   his	  wonderful	   essay	   'On	   quantum	   theory'	   Berge	   Englert	   stresses	   that	   there	   is	   no	  measurement	  problem.	  One	  by	  one	  he	  goes	  through	  all	  the	  different	  topics,	  some	  of	  us	  find	  cumbersome.	  	  With	  regard	  to	  the	  measurement	  process	  he	  writes:	  "…	  the	  collapse	  of	  
the	   state”	   or	   “wave	   function	   collapse”	   are	   popular	   synonyms	   for	   state	   reduction.	   The	  
connotation	  that	  the	  transition	  (associated	  with	  state	  reduction)	  is	  a	  dramatic	  dynamical	  
process,	  as	   if	   the	  physical	  system	  were	  evolving,	   is	  clearly	  misleading"	   [4].	  And	   indeed	   it	  would	  be	  quite	   troublesome	   if	   a	   single	  photon	  or	  even	  a	   single	  massive	  particle	  going	  through	  a	  beam	  splitter	  would	   simultaneously	   exit	   through	  both	  output	  ports,	   only	   to	  "collapse"	   upon	   a	   measurement	   at	   one	   or	   the	   other	   output	   port	   [5].	   This	   would	   be	  troublesome	  because	   energy	   or	  mass	  would	   have	   to	  move	   instantaneously	   over	   finite	  distances.	   But	   not	   being	   allowed	   to	   ask	   what	   happens	   inside	   the	   apparatus	   is	   also	  somewhat	  cumbersome,	  at	   least	   for	  experimenters.	  Therefore,	   attempts	  were	  made	   to	  avoid	   this	  cumbersome	  aspect	  by	  searching	   for	  alternative	   interpretations	  of	  quantum	  physics,	  but	  then	  a	  cumbersome	  aspect	  is	  bound	  to	  pop	  up	  somewhere	  else	  -­‐	  there	  does	  not	  seem	  to	  be	  a	  free	  lunch.	  
	  
INTERPRETATION	   remark	   wave	  function	   you	  should	  not	  ask	  
Copenhagen	  	   knowledge	  collapses,	  	  not	  the	  wave	  function	   not	  real	   what	  happens	  inside	  the	  apparatus?	  
many	  worlds	  	   different	  worlds	  evolve	  by	  measurement	   real	  
where	  are	  all	  these	  worlds,	  exponentially	  
growing	  in	  number?	  
Ghirardi-­‐Rimini-­‐
Weber	  
measurement	  collapses	  the	  
wave	  function	   real	  
for	  the	  physical	  dynamics	  of	  wave	  function	  
collapse	  (?)	  
QBism	  [6]	   uses	  Bayesian	  probabilities	   not	  real	   how	  can	  nature	  be	  properly	  described	  by	  	  personalized	  probability	  amplitudes?	  
Table	  1:	  	  There	  is	  no	  free	  lunch.	  
This	   list	   of	   interpretations	   is	   not	   complete	   and	   just	   shows	   examples.	   The	   different	  
interpretations	   listed	   here	   agree	   in	   the	   predictions	   of	   experimental	   results.	   But	   all	  
interpretations	   have	   their	   cumbersome	   aspects,	   some	   find	   difficult	   to	   accept.	   These	  
cumbersome	  aspects	  are	  merely	  moved	  around.	  This	  teaches	  us	  to	  accept	  a	  cumbersome	  
aspect,	  one	  or	  the	  other	  way.	  
G.	  Leuchs,	  Berge	  Fest,	  Singapore	  April	  2014	   	   2	  
	  
Some	  scientists	  find	  the	  interpretation	  most	  appealing,	  which	  interprets	  the	  wave	  function	  and	  the	  quantum	  physical	  predictions	  as	  statements	  about	  the	  information	  we	  have	  about	  a	  system	  rather	   than	  as	  descriptions	  of	   the	  physical	  reality	   [4].	  Thus	   there	  may	  be	  a	  deep	  underlying	  connection	  between	  quantum	  physics	  and	  information	  theory	  [see	  e.g.	  5,	  7,	  8].	  Maybe	  the	  long	  lasting	  discussion	  about	  interpretations	  tells	  us	  some-­‐thing.	  The	  different	  combinations	  of	  theory	  and	  interpretation	  seem	  to	  be	  equally	  valid	  although	  the	  different	  interpretations	  by	  scientists	  seem	  to	  be	  contradicting.	  So	  maybe	  the	   link	   between	   quantum	  physics	   and	   information	   theory	   is	   deeper	   than	   some	   of	   us	  think.	  	  The	   experimenter	   will	   not	   be	   able	   to	   provide	   evidence	   for	   one	   interpretation	  being	   correct	   and	   the	   others	   having	   limited	   applicability	   as	   long	   as	   the	   different	  interpretations	   -­‐	   or	   rather	   the	   theories	   behind	   them	   -­‐	   do	   not	   lead	   to	   contradicting	  predictions	  for	  the	  outcome	  of	  an	  experiment.	  So	  it	   is	  no	  surprise	  that	  again	  and	  again	  experiments	  are	  performed	  to	  keep	  quantum	  theory	  on	  the	  test	  bench.	  In	  the	  following	  a	  selection	  of	  experiments	  providing	  such	  tests	  are	  reviewed	  and	  a	  new	  experiments	  are	  proposed.	  	  	  
Violation	  of	  Bell's	  inequalities	  Regarding	  a	  possible	  reality	  associated	  with	  the	  quantum	  wave	  function	  there	  had	  been	  ample	  speculations	  about	  the	  existence	  of	  hidden	  variables.	  Early	  on	  Heisenberg	  argued	  qualitatively,	   that	   hidden	   variables	   couldn't	   exist,	   because	   the	   quantum	   classical	  boundary	  is	  not	  well	  defined	  but	  depends	  on	  our	  ability	  to	  control	  the	  system	  (see	  [9]	  p.	  506,	  507).	  Then	   John	  Bell	  proposed	  his	   celebrated	   inequality	   to	  quantitatively	   test	   for	  local	  hidden	  variables	  [10],	  requiring	  systems	  in	  entangled	  quantum	  states,	  leading	  to	  a	  series	  of	  subsequent	  measurements	  ever	  improving	  with	  regard	  to	  potential	  loop	  holes,	  see	   e.g.	   [11-­‐16].	   Today	   it	   is	   clear	   that	   there	   is	   less	   and	   less	   room	   for	   local	   hidden	  variables	  in	  quantum	  theory.	  We	  note	  in	  passing,	  that	  John	  Bell's	  inequality	  is	  currently	  studied	   also	   in	   the	   classical	   regime	   [17],	   i.e.	   in	   the	   context	   of	   classically	   excited	   non-­‐separable	  mode	  functions,	  such	  as	  cylindrical	  vector	  beams	  [18-­‐21].	  It	  may	  be	  too	  early	  to	  make	   final	   remarks	   but	   the	   violation	  may	   be	   associated	  with	   classical	   correlations	  being	  arbitrarily	  strong	  though	  not	  non-­‐local.	  In	  any	  case	  applications	  in	  metrology	  were	  already	  proposed	  [22].	  	  
Wheeler's	  delayed	  choice	  experiment	  Coming	   back	   to	   the	   single	   photon	   impinging	   on	   a	   beam	   splitter,	   one	   has	   a	   choice	   to	  either	  measure	  at	  which	  output	  port	  the	  photon	  appears,	  or	  one	  can	  let	  the	  two	  output	  beams	   interfere	   at	   a	   second	   beam	   splitter	   closing	   the	   geometry	   to	   form	   an	  interferometer	  and	  then	  measure	  the	  interference	  of	  the	  photon.	  Clearly,	  in	  either	  case	  only	  one	  detector	  will	   fire.	  Without	   the	   recombining	  beam	  splitter	  both	  detectors	  will	  fire	   stochastically,	   the	   relative	   percentage	   reflecting	   the	   splitting	   ratio.	  However,	  with	  the	  beam	  recombiner	  and	  for	  the	  appropriate	  path	  difference	  the	  photon	  will	  always	  exit	  at	  one	  output	  port	  of	   the	  recombining	  beam-­‐splitter,	  or	   for	  a	  properly	  modified	  phase	  change	  at	  the	  other	  output	  port	  and	  only	  one	  detector	  will	  fire	  the	  other	  one	  being	  silent	  [23].	  In	  this	  latter	  case	  the	  photon	  obviously1	  seems	  to	  exit	  via	  both	  outputs	  of	  the	  first	  beam	  splitter	  in	  order	  for	  the	  wave	  function	  to	  interfere	  via	  the	  two	  paths.	  Needless	  to	  say,	   both	   these	   different	   experimental	   scenarios	   and	   the	   corresponding	  measurement	  results	  are	  properly	  described	  by	  quantum	  theory.	  Yet	  it	  is	  meaningless	  to	  ask	  whether	  the	   photon	   is	   really	   split	   or	   not,	   unless	   one	   goes	   and	   looks,	   i.e.	   measures	   in	   the	   two	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  To	  quote	  the	  experimenter	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interferometer	  arms	  –	  but	  then	  one	  is	  back	  to	  the	  first	  scenario.	  John	  Archibald	  Wheeler	  had	   the	   idea	   to	   refine	   the	   apparatus	   and	   decide	   whether	   or	   not	   to	   insert	   the	   beam	  recombiner	  only	  after	  the	  photon	  has	  passed	  the	  first	  beam	  splitter	  [24].	  This	  proposal	  is	  feasible	  if	  the	  photon	  travel	  distances	  are	  so	  large	  that	  the	  associated	  travel	  times	  are	  longer	   than	   the	   time	   constant	   of	   the	   switch	   with	   which	   one	   alternates	   between	   the	  which-­‐path	   (i.e.	   'welcher-­‐Weg')	   and	   the	   interference	  measurement.	   The	   result	   is	   that	  one	  sees	  no	  difference	  as	  compared	  to	  the	  static	  cases.	  Switching	  back	  and	  forth	  before	  the	   photon	   arrives	   does	   not	   have	   any	   influence	   on	   the	  measurement	   results	   [25-­‐28].	  Further	  studies	  of	  the	  topic	  use	  weak	  measurements	  in	  order	  to	  gain	  more	  information	  [7,	  23,	  29]	  and	  the	  discussion	  about	  it	  [30].	  	  
The	  "01	  –	  10"	  state	  Little	  more	   than	   ten	   years	   ago	   there	  was	   a	   fierce	   debate	   about	  whether	   the	   quantum	  state	  of	   the	   single	  photon	   is	   entangled	  or	  not	   after	  passing	   through	   the	  beam	  splitter.	  There	  is	  no	  simpler	  wave	  function	  than	  that	  of	  a	  single	  photon	  underlining	  the	  relevance	  of	  this	  discussion.	  The	  opponents	  argued	  that	  by	  a	  mere	  transformation	  to	  other	  modes	  the	  state,	  which	  looked	  like	  displaying	  entanglement	  between	  a	  single	  photon	  state	  and	  the	   vacuum	   ground	   state,	   would	   become	   separable.	   Hence,	   this	   quantum	   state	   is	   not	  entangled.	   	   The	   proponents	   on	   the	   other	   hand	   said	   that	   what	   looks	   entangled	   is	  entangled.	  Stephen	  van	  Enk	  nicely	  summarized	  the	  discussion	  [31].	  A	  major	  conceptual	  advance	   was	   made	   by	   Björk,	   Jonsson	   and	   Sanchez-­‐Soto	   who	   proposed	   keeping	   the	  beams	   at	   the	   beam	   splitter	   output	   separate	   and	   interfering	   each	   of	   them	  with	   a	   local	  oscillator	   before	   detection	   [32,	   see	   also	   33].	   In	   the	   experiments,	   click	   detectors	  were	  used	  [34]	  but	  one	  could	  also	  use	  homodyne	  detection	  instead	  [35]	  or	  a	  combination	  of	  the	  two	  [36].	   In	  view	  of	   the	  above,	   this	  measurement	   is	  exciting	  because	   it	  shows	  that	  the	  single	  photon	  splitting	  in	  the	  beam	  splitter	  leads	  to	  simultaneous	  signals	  in	  the	  two	  detectors	  –	  a	  correlation	  caused	  by	  the	  one	  single	  photon2.	  Furthermore,	  the	  transfer	  of	  single-­‐photon	   entanglement	   in	   and	   out	   of	   an	   atomic	   system	   serving	   as	   a	   quantum	  memory	  has	  been	  demonstrated	  [37].	  A	  Bell	   test	  was	  performed	  with	  this	  one	  particle	  state	  [38-­‐39]	  and	  quantum	  teleportation	  was	  demonstrated	  [40-­‐41].	  It	  is	  interesting	  to	  note	   that	   the	   state	   bbbbbbbbbbbbbbb	   has	   a	   certain	   relation	   to	   the	   classical	  entanglement	   mentioned	   above,	   in	   that	   in	   both	   cases	   the	   relation	   between	   the	  mathematically	  non-­‐separable	  mode	  function	  and	  the	  notion	  of	  quantum	  entanglement	  was	  discussed.	  It	  will	  be	  interesting	  to	  devise	  new	  experiments	  also	  in	  this	  context.	  	  	  
Looking	  into	  complementarity	  using	  entanglement	  Quantum	  optics	  allows	  for	  designing	  tests	  of	  complementarity	  [42].	  In	  2012	  Menzel	  et	  al.	  published	   inspiring	   novel	   results	   [43]	   on	   the	   double	   slit	   experiment	   illuminated	  with	  one	  of	  the	  photons	  of	  an	  entangled	  pair.	  They	  studied	  experimentally	  and	  theoretically	  in	   how	   far	   the	   visibility	   of	   the	   interference	   fringes	   in	   the	   signal	   beam	   is	   affected	  by	   a	  which-­‐slit	  measurement	  on	  the	  idler	  beam	  [43-­‐44].	  They	  emphasize	  that	  duality	  is	  well	  defined	  only	  for	  a	  single	  particle.	  Jakob	  and	  Bergou	  extended	  the	  concept	  of	  complemen-­‐tarity	   to	   bi-­‐partite	   systems	   [45-­‐46],	   which	   yet	   has	   to	   be	   applied	   to	   the	   two-­‐photon	  double-­‐slit	   experiment.	  Bolduc	  et	  al.	  pointed	  out	   that	   the	  auxiliary	   transverse	  variable	  provides	   an	   additional	   degree	  of	   freedom	   [47],	  which	   affects	   the	   interpretation	  of	   the	  experiment	  by	  Menzel	  et	  al.	  [43-­‐44].	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	  Whatever	  this	  means	  in	  the	  quest	  for	  the	  physical	  reality	  of	  the	  quantum	  wave	  function.	  The	  least	  on	  can	  deduce	  is	  that	  the	  single	  photon	  is	  not	  local.	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The	  new	  experiments	  If	  new	  experiments	  can	  be	  done	  to	   further	   test	  a	  physical	   theory	  they	  should	  be	  done.	  	  The	  possibility	  to	  measure	  a	  single	  photon	  at	  several	  different	  locations	  opens	  a	  window	  for	   novel	   investigations	   The	   next	   steps	   exploring	   single	   photon	   entanglement	   seem	  obvious,	  with	  compelling	  goals:	  	  	  (1) perform	  a	  delayed	  choice	  experiment	  with	  the	   Ψ = 2−1 2 01 − 10( )state	  using	  two	  simultaneous	  measurements.	  	  (2) repeat	  the	  two-­‐slit	  experiment	  with	  an	  entangled	  single	  photon.	  (3) extend	  the	  studies	  to	  measurements	  at	  more	  than	  two	  points	  in	  space-­‐time.	  Instead	   of	   using	   the	   combination	   of	   a	   local	   oscillator	   and	   click	   detection,	   it	   may	   be	  advantageous	   to	   replace	   the	   click	   detector	   by	   a	   homodyne	   detector	   [35,36],	   or	   even	  better	   with	   an	   eight-­‐port	   homodyne	   detector	   allowing	   for	   simultaneously	   measuring	  two	  conjugate	  field	  quadratures	  [48-­‐50],	  keeping	  in	  mind	  that	  these	  different	  detectors	  correspond	   respectively	   to	   normal,	   symmetric	   and	   anti-­‐normal	   ordering	   of	   the	   field	  operators	   and	   the	   associated	   quasi	   probability	   functions	   in	   phase	   space.	   For	   this	   task	  one	  can	  use	  integrated	  multiport	  splitters	  [51-­‐53],	  which	  are	  interferometrically	  stable,	  making	   the	   proposed	   experiments	   viable.	   An	   interesting	   set-­‐up	   uses	   a	   bi-­‐prism	   [54],	  which	  may	  be	  combined	  with	   these	  different	  detector	  scenarios.	   	  Non-­‐separable	  mode	  functions	  sometimes	  referred	  to	  as	  'classical	  entanglement'	  [18-­‐23]	  is	  closely	  related	  to	  single	  photon	  entanglement.	  The	  connection	  between	  these	  two	  areas	  and	  the	  potential	  synergy	  will	  be	  further	  explored.	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